The biochemical analysis of Phytolacca americana DOPA dioxygenases (PaDOD1 and PaDOD2) was carried out. The recombinant protein of PaDOD1 catalyzed the conversion of DOPA to betalamic acid, whereas DOD activity was not detected in PaDOD2 in vitro. While the reported motif conserved in DODs from betalain-producing plants was found in PaDOD1, a single amino acid residue alteration was detected in PaDOD2. A mutated PaDOD1 protein with a change of 177 Asn to Gly showed reduced specific activity compared with PaDOD1, while DOPA dioxygenase activity was not observed for a mutated PaDOD2 protein which had its conserved motif replaced with that of PaDOD1. A three-dimensional (3D) structural model of PaDOD1 and PaDOD2 showed that the conserved motif in DODs was located in the N-terminal side of a loop, which was found close to the putative active site. The difference in stability of the loop may affect the enzymatic activity of PaDOD2.
Betacyanin, a red-violet pigment, and betaxanthin, a yellow pigment, are members of the betalains family, which contain a betalamic acid moiety as the basic structure [1, 2] . Extradiolic 4,5cleavage of DOPA is required for the formation of betalamic acid (Figure 1 ) and is catalyzed by extradiol DOPA 4,5-dioxygenase (DOD). DOD was first detected in a fungus that produces betalains, Amanita muscaria (AmDOD) [3] , and later characterized as extradiol DOPA 2,3-and 4,5-dioxygenase [4, 5] . Genetic complementation by particle bombardment transformation indicated that AmDOD catalyzed both 4,5-and 2,3-aromatic ring cleavage in white petals of Portuluca grandiflora. This result showed that the formation of not only betalains, but also muscaflavin, a pigment that is not present in higher plants, are catalyzed by AmDOD [6] . A novel plant DOD, distinct from AmDOD, was originally isolated as a gene that encodes the DOPA 4,5-dioxygenase from P. grandiflora (PgDOD) [7] . The role of PgDOD in the betalain biosynthetic pathway was determined by genetic complementation in white petals of P. grandiflora, in which the set of genes for color formation are missing [7] . Recently, the enzymatic activity of recombinant DOD was shown to catalyze the conversion of DOPA to betalamic acid in vitro [8] [9] [10] . In addition, some DODs from nonbetalain-producing plants possess DOD activity in vitro [11] , although the functions of these homologs in vivo remain elusive. Therefore, further biochemical and physiological studies are required to assess the importance of DOD in betalain biosynthesis. Two homologous DOD genes have been identified in Phytolacca americana (PaDOD1 and PaDOD2) [12] . Enzymatic assay revealed that PaDOD1 and PaDOD2 had different biochemical properties. The recombinant protein of PaDOD1 catalyzed the conversion of DOPA to betalamic acid, suggesting that PaDOD1 might be involved in betalamic acid biosynthesis, while DOD activity of PaDOD2 was not detected [10] . To investigate the origin of different biochemical characteristics between PaDOD1 and PaDOD2, further comparative analyses focused on the amino acid sequences of these PaDODs were performed. The H-P-S/A-N/D-x-T-P motif has been reported in DODs from betalain-producing plants, whereas the H-N-L-R motif is conserved in DOD homologs from non-betalain producing plants [7] . The former motif is well conserved in PaDOD1 (174 H-P-S-N-D-T-P 180) and partially conserved in PaDOD2, with the alteration of one amino acid, Gly ( Figure 2 ). Thus, this one amino acid alteration could lead to the functional difference between PaDOD1 and PaDOD2. We therefore performed site-mutagenesis. Asn-177 in PaDOD1 was changed to Gly (mutant PaDOD1), while Gly-218 in PaDOD2 was changed to Asn (mutant PaDOD2). The specific DOPA dioxygenase activities of four PaDODs (PaDOD1, mutant PaDOD1, PaDOD2 and mutant PaDOD2) were estimated spectrophotometrically. The specific activity of the mutant PaDOD1 decreased by about 30% relative to PaDOD1, while that of PaDOD2 Each value is the mean ± SD of 3 independent experiments. N.D., not detected. and the mutant PaDOD2 remained unchanged (Table 1 ). These results indicate that the replacement of 218-Gly to Asn in PaDOD2 is not sufficient to recover the DOPA dioxygenase activity in vitro.
To reveal the essential regions for DOD activity in PaDOD1 and PaDOD2, chimeric proteins of PaDOD1 and PaDOD2 were generated (PaDOD12 and PaDOD21; Figure 3 ). The DOD activities of PaDOD12 with the N-terminal region of PaDOD1 and Cterminal region of PaDOD2 ( Figure 3C ) and PaDOD21 with the Nterminal region of PaDOD2 and C-terminal region of PaDOD1 ( Figure 3D) were measured spectrophotometrically. In contrast to functional PaDOD1, DOD activity in the chimeric proteins was not detected in vitro (data not shown). This indicates that both the Nterminal region and the C-terminal region of PaDOD1 are essential but not sufficient for DOD activity in vitro. To gain insights into the difference in catalytic activity of the two enzymes, three-dimensional (3D) structural models of PaDOD1 and PaDOD2 were built using MODELLER [13] . Escherichia coli YgiD, an uncharacterized protein the 3D structure of which was determined in a structural genomics project (PDB ID: 2PW6), was used as a template structure. The amino acid sequence identity between PaDOD1 and the template is about 28% and that between PaDOD2 and the template about 27%. The YgiD structure has located five His residues close together and they are ligands for three zinc ions. These His residues are conserved in PaDOD1 and PaDOD2, and their side chains could be modeled in almost the same configuration as the ones in YgiD, suggesting that PaDOD1 and PaDOD2 coordinate zinc ions. These His residues may form an active site of the enzymes (Figure 4 ). Strong inhibition of PaDOD activity observed in the presence of EDTA [10] could be due to removal of Zn 2+ from an active site by the chelating reagent. Furthermore, the loss of activity of the chimeric enzymes (PaDOD12 and PaDOD21 in Figure 3 In the 3D structures of PaDOD1 and PaDOD2, the conserved motif in DODs is located in the N-terminal side of a loop formed by the amino acid residues from 215 His to 230 Trp (PaDOD2 numbering), which is positioned closely to the putative active site (Figure 4) . The amino acid sequence in the loop following the motif varies between the DOD homologues. In addition, the atoms in the corresponding loop of YgiD have higher temperature factors than the other parts of the protein indicating that they are relatively flexible. When we predicted the degree of disorder of the loop in the homologous proteins based on amino acid composition [14] , most of the loops were predicted as disordered, but that of PaDOD2 was predicted as ordered. The difference in stability of the loop may affect the enzymatic activity of PaDOD2. The stiffened loop may hamper the potential substrate for PaDOD2 from entering into the putative active site, and hence it could result in the loss of detectable catalytic activity. Therefore, further analyses of PaDOD1, PaDOD2, and the DOD homologs in other species from both betalain-producing and non-producing plants should provide a better understanding of the evolutionary aspects of the DOD gene family regarding betalain biosynthesis in the Caryophyllales.
Experimantal

Site-directed mutagenesis:
The site-directed mutagenesis in PaDOD1 and PaDOD2 genes was performed by using the Mutan TM -Super Express Km Kit (Takara) according to the manufacturer's instruction. The cDNA of PaDOD1 and PaDOD2 genes was cloned into the pKF-18k-2 vector and the point mutations were generated by using the primers possessing the phosphorylated 5'-termini ( Supplementary Table S1 ). PaDOD1m-f primer was used to create the mutant PaDOD1 (PaDOD1-N177G), and PaDOD2m-f was used to create the mutant PaDOD2 (PaDOD2-G218N). These mutations were confirmed by DNA sequencing.
Construction of the chimeric proteins of PaDOD1 and PaDOD2:
The DNA sequences encoding the chimeric protein of PaDOD1 and PaDOD2 were amplified by PCR using designed primers shown in Supplementary Table S1 . To generate a construct for PaDOD12 protein (Figure 3C ), a couple of PCRs were first performed with primer pairs EcoRI-PaDOD1-f/PaDOD12-r to amplify the Nterminal region of PaDOD1, and PaDOD12-f/SalI-PaDOD2-r to Biochemical analysis of Phytolacca DOD Natural Product Communications Vol. 10 (5) 2015 719
amplify the C-terminal region of PaDOD2. The designed primers, PaDOD12-r and PaDOD12-f, contained both sequences of PaDOD1 and PaDOD2 to combine the two different fragments with each other. Following size separation by electrophoresis, the amplified 2 fragments were excised and purified from the gel, and then used in the following PCR. The PCR was performed containing the two purified fragments described above and primers, EcoRI-PaDOD1-f and SalI-PaDOD2-r. Following size separation by electrophoresis, the products with predicted sizes were excised and purified from the gel and subsequently cloned into pT7Blue vector (Novagen); their sequences were confirmed by sequence analysis. The fragment encoding PaDOD21 protein ( Figure 3D ) was generated using the same strategy as that used for PaDOD12.
Preparation of enzyme:
The preparation of chimeric or mutated DOD proteins was carried out as described previously [10] .
Enzymatic assay: The assay of chimeric or mutated DODs proteins was carried out as described previously [10] .
Supplementary data: Oligonucleotide primers used in PCR are also available.
